Objective-Age-related aortic stiffness is an independent risk factor for cardiovascular diseases. Although oxidative stress is implicated in aortic stiffness, the underlying molecular mechanisms remain unelucidated. Here, we examined the source of oxidative stress in aging and its effect on smooth muscle cell (SMC) function and aortic compliance using mutant mouse models. Methods and Results-Pulse wave velocity, determined using Doppler, increased with age in superoxide dismutase 2 (SOD2) ϩ/Ϫ but not in wild-type, p47phox Ϫ/Ϫ and SOD1 ϩ/Ϫ mice. Echocardiography showed impaired cardiac function in these mice. Increased collagen I expression, impaired elastic lamellae integrity, and increased medial SMC apoptosis were observed in the aortic wall of aged SOD2 ϩ/Ϫ versus wild-type (16-month-old) mice. Aortic SMCs from aged SOD2 ϩ/Ϫ mice showed increased collagen I and decreased elastin expression, increased matrix metalloproteinase-2 expression and activity, and increased sensitivity to staurosporine-induced apoptosis versus aged wild-type and young (4-month-old) SOD2 ϩ/Ϫ mice. Smooth muscle ␣-actin levels were increased with age in SOD2 ϩ/Ϫ versus wild-type SMCs. Aged SOD2 ϩ/Ϫ SMCs had attenuated insulin-like growth factor-1-induced Akt and Forkhead box O3a phosphorylation and prolonged tumor necrosis factor-␣-induced Jun N-terminal kinase 1 activation. Aged SOD2 ϩ/Ϫ SMCs had increased mitochondrial superoxide but decreased hydrogen peroxide levels. Finally, dominant-negative Forkhead box O3a overexpression attenuated staurosporine-induced apoptosis in aged SOD2 ϩ/Ϫ SMCs.
A dvancing age is the major risk factor for cardiovascular disease (CVD) morbidity and mortality. With aging, central arteries stiffen (and dilate) as a result of physiological remodeling arising from the fracture of elastin lamellae from repetitive pulsations and also from endothelial dysfunction, chronic low-grade inflammation, and altered vascular smooth muscle tone. 1, 2 Aortic stiffening is the principal cause of CVD with age in people without atherosclerosis, 1 including increased systolic and pulse pressures, increased left ventricular hypertrophy and diastolic dysfunction, and congestive heart failure. 3 Carotid-femoral pulse wave velocity (PWV), a direct noninvasive measure of the thoracic and abdominal aortic stiffness, is correlated with higher CVD events and is an independent predictor of coronary heart disease and stroke. 4 Despite the strong epidemiological and biological connection of age to CVD risk, the molecular mechanisms responsible for age-related vascular dysfunction have yet to be elucidated. Although advancing age is an unmodifiable risk factor for CVD, it might be possible to target specific molecular signals as an approach to limiting age-related CVD risk.
Oxidative stress has been implicated in vascular dysfunction, whether as a result of CVD or aging or both. [5] [6] [7] The free radical theory of aging, first proposed by Harman more than 50 years ago, 8 suggested that increased reactive oxygen species (ROS) generation underlies many features of aging. Prior studies have indicated that increased vascular ROS generation results in decreased compliance, as measured by PWV. 9, 10 Recent studies suggest that mitochondrial dysfunction plays an important role in aging and impairing vascular function. 11, 12 Many pro-and antioxidant enzymes regulate ROS levels in cells. Of these, the superoxide dismutase (SOD) family is the most studied antioxidant system and has been previously implicated in CVD. [13] [14] [15] SODs convert superoxide to produce hydrogen peroxide (H 2 O 2 ), which is further degraded by either catalase or glutathione peroxidase. One member of the SOD family, manganese SOD (SOD2), is present in mitochondria. Deletion of the SOD2 gene results in early postnatal lethality in mice. 16, 17 SOD2-deficient (SOD2 ϩ/Ϫ ) mice are viable but demonstrate increased susceptibility to oxidative stress, diminished mitochondrial function, and enhanced sensitivity to apoptosis. 18, 19 In an atherosclerotic background (apolipoprotein E knockout), SOD2 deficiency results in accelerated atherosclerosis 20 and endothelial dysfunction in mice. 21 In addition, decreased expression/activity of SOD2 with age was implicated in vascular aging. 22 In the present study, we investigated the effect of oxidative stress in aging-associated increase in aortic stiffness using mutant mouse models. Our data indicate that prolonged exposure to increased mitochondrial oxidative stress decreases aortic compliance and induces cardiac dysfunction. Specifically, we elucidate the significance of lifelong SOD2 deficiency on the phenotype, function, and molecular signaling pathways in aortic smooth muscle cells (SMCs) and how these events regulate aortic wall homeostasis and aortic stiffening.
Materials and Methods

Aortic PWV
Arterial compliance was determined as described by Hartley et al. 23 In brief, mice were anesthetized with inhaled isoflurane (1% in O 2 ) and fixed in a supine position on the temperature-controlled ECG board (THM100, Indus Instruments). Body temperature was maintained at 37°C and monitored with a rectal probe. Blood flow velocity was recorded using a 20-MHz pulsed Doppler probe at the levels of aortic arch and at the abdominal aorta. Data were analyzed using an Indus Instruments Doppler Signal Processing Workstation. Aortic PWV was calculated by dividing separation distance (40 mm) by difference in pulse wave arrival time in respect to ECG R-peaks.
Echocardiography
Mice were anesthetized with inhaled isoflurane (1% in O 2 ) and fixed in a supine position on the ECG temperature-controlled board. Ultrasound biomicroscopy was performed using VisualSonics Vevo 660 equipped with a 30-MHz probe. Ultrasonic images of left ventricle were acquired at the long axis using M-mode. Measurements of interventricular septum, posterior wall thickness, and ventricle internal diameter at systole and diastole were taken. Values of ejection fraction, end diastolic volume, and myocardial mass were derived using VisualSonics Vevo 660 software.
Blood Pressure
Systolic and diastolic blood pressure was measured as described in the online-only Data Supplement.
Vascular Relaxation in Isolated Mouse Aortic Rings
Relaxation of isolated mouse aortic rings was measured as described in the online-only Data Supplement.
Cell Culture and Materials
Mouse aortic SMCs were isolated from young (4 months) and aged (16 months) wild-type and SOD2 ϩ/Ϫ mice (C57BL/6J) as described previously 24 (see online-only Data Supplement).
Histology, Immunohistochemistry, and Immunofluorescence
Immunohistochemistry and immunofluorescence studies were performed as previously described. 25 
Western Blot Analysis
Preparation of cell extracts and Western blot analysis was performed as described previously. 26
Quantitative Real-Time Polymerase Chain Reaction
Quantitative analysis of mRNA expression of target genes was performed using total RNA extracted from cells and tissues. Reverse transcription was performed using the TaqMan Reverse Transcription Reagents Kit (Applied Biosystems). Real-time polymerase chain reaction was performed in quadruplicate with TaqMan Gene Expression Assays for mouse collagen I (Mm01302043_gl), elastin (Mm00514670_ml), matrix metalloproteinase-2 (MMP-2) (Mm00439508_ml), and 18S rRNA (Hs99999901_sl) using an ABI Prism 7900 HT Sequence Detection System according to manufacturer's recommended protocol. Target gene mRNA expression was normalized to 18S rRNA expression. Individual gene expression in SOD2 ϩ/Ϫ aortic SMCs was calculated relative to that in wild-type using REST2008 (Relative Expression Software Tool). 27
Gelatin Zymography
MMP-2 activity was assayed by gelatin zymography (see Methods in the online-only Data Supplement).
Adenovirus Infection of Aortic SMCs
A replication-defective adenoviral vector expressing dominantnegative Forkhead box O3a (DN-FOXO3a) was obtained from Vector BioLabs. DN-FoxO3a, constructed by deletion of the transactivation domain from the C-terminus, 28 had a heme agglutinin tag at the N-terminus and expressed green fluorescent protein. Adenovirus expressing only green fluorescent protein was used as a negative control. Mouse aortic SMCs were cultured to 80% to 90% confluence before adenoviral infection. Infections were performed using a multiplicity of infection of 100, and the infection efficiency was typically greater than 90%. Measurement of proteins of interest was made in cells harvested 36 hours after viral infection.
Detection of Mitochondrial Superoxide
Mitochondrial superoxide levels in aortic SMCs were detected as described in the Methods in the online-only Data Supplement.
H 2 O 2 Measurement
Aortic SMCs extracellular H 2 O 2 levels were determined using the Amplex Red assay (Invitrogen) (see Methods in the online-only Data Supplement).
Statistical Analysis
Data presented graphically are shown as meanϮSE from at least 3 independent experiments. All data were tested for normality using the Kolmogorov-Smirnov test and were analyzed by 1-way ANOVA, and post hoc analysis was performed using the Newman-Keuls test. To account for multiple comparisons, arterial compliance and cardiac function data were analyzed by 1-way ANOVA followed by the Ryan-Einot-Gabriel-Welsch multiple-range test with an overall ␣ϭ0.05 (SSPS software, version 19.0).
Results
Aortic Compliance, Cardiac Function, and Vasorelaxation Are Decreased With Age in SOD2 ؉/؊ Mice
To examine the interactive effect of oxidative stress, diet, and aging on vascular health, we measured aortic compliance in young (4 months) and aged (16 months) mice fed normal chow or Western diet. We used wild-type mice, as well as mice with decreased (p47phox Ϫ/Ϫ ) or increased (SOD1 ϩ/Ϫ ) cytosolic and increased mitochondrial (SOD2 ϩ/Ϫ ) oxidative stress. There was no difference in central aortic compliance, as measured by PWV, between young and aged wild-type ( Figure 1A ), p47phox Ϫ/Ϫ , and SOD1 ϩ/Ϫ mice (data not shown), either on normal chow or Western diet. PWV was also not significantly different between young wild-type and SOD2 ϩ/Ϫ mice, whether on a normal chow or Western diet. However, aged SOD2 ϩ/Ϫ fed normal chow had significant increase in PWV compared with aged wild-type or young SOD2 ϩ/Ϫ mice (PϽ0.05 in each case; Figure 1A ) on a normal chow diet. Similarly, aged SOD2 ϩ/Ϫ on Western diet had significantly increased PWV compared with aged wildtype or young SOD2 ϩ/Ϫ mice on Western diet (PϽ0.05 in each case). These data indicate that prolonged mitochondrial oxidative stress is sufficient to induce aortic stiffening.
To determine whether prolonged mitochondrial oxidative stress also affects cardiac function, we examined the above mentioned mice by echocardiography. Aged SOD2 ϩ/Ϫ had impaired left ventricular function, as indicated by significantly decreased ejection fraction ( Figure 1B ( Figure 1C ). Ejection fraction and left ventricle end-diastolic volume in aged SOD2 ϩ/Ϫ were significantly different from young SOD2 ϩ/Ϫ mice, irrespective of the diet. Left ventricle posterior wall thickness ( Figure 1D ) and left ventricle mass ( Figure 1E ) also increased in aged SOD2 ϩ/Ϫ compared with aged wild-type and young SOD2 ϩ/Ϫ mice, independent of diet. Together, these data suggest that long-term exposure to increased mitochondrial oxidative stress causes adverse effects on vascular health, as evidenced by increased arterial stiffening and impaired cardiac function. Because blood pressure is an important determinant of PWV, 29 we measured changes in blood pressure with aging. No significant difference was observed in systolic blood pressure between wild-type and SOD2 ϩ/Ϫ mice ( Table I in the online-only Data Supplement). Diet and age had no effect; however, SOD2 deficiency significantly increased diastolic blood pressure ( Table I in the online-only Data Supplement), indicating that enhanced diastolic blood pressure associated with prolonged mitochondrial oxidative stress may contribute to aortic stiffening. To determine the interaction of age and SOD2 deficiency on SMC function, we measured nitroglycerine-induced relaxation of phenylephrine-preconstricted thoracic aortic rings. Wild-type mice had decreased vascular relaxation with age at 10 Ϫ7 mol/L nitroglycerine (PϽ0.01 versus young) ( Figure I in the online-only Data Supplement). At this concentration, young and aged SOD2 ϩ/Ϫ had im-paired vascular relaxation compared with young wild-type mice (PϽ0.001). No significant difference was observed in nitroglycerine-induced relaxation between SOD2 ϩ/Ϫ and aged wild-type mice. However, at 10 Ϫ6 mol/L nitroglycerine, SOD2 ϩ/Ϫ had impaired aortic relaxation compared with aged wild-type mice (PϽ0.01, young SOD2 ϩ/Ϫ versus aged wildtype; PϽ0.05, aged SOD2 ϩ/Ϫ versus aged wild-type). SOD2 deficiency had impaired vascular relaxation independent of age. These data indicate that aging in general and increased mitochondrial oxidative stress in particular impair vascular SMC function and hence vascular relaxation.
Collagen Levels Are Increased and Elastin Levels and Integrity Are Decreased With Age in the Aortic Wall and SMCs of SOD2 ؉/؊ Mice
Because a decrease in the elastin/collagen ratio is associated with increase in aortic stiffness 30 and increased aortic oxidative stress is correlated with extensive collagen deposition and elastin degradation and decline in aortic compliance, 31 we examined aortic collagen and elastin expression in the aortic wall of wild-type and SOD2 ϩ/Ϫ mice by immunohistochemistry. Collagen I expression was increased in the media of aged SOD2 ϩ/Ϫ compared with aged wild-type mice ( Figure  2A ). The elastic laminae in the media were normal in aged wild-type mice, but their integrity was compromised with ruptures in aged SOD2 ϩ/Ϫ mice (Figure 2A ). No perceptible increase in collagen I or ruptures in elastic lamina were observed in the aortas of young SOD2 ϩ/Ϫ mice (data not shown). Because increased calcification is implicated in aortic stiffening, 32 we examined calcium deposition in the aortic sections. We did not detect any calcium deposition or focal calcification in aged wild-type or SOD2 ϩ/Ϫ mice.
To determine whether the changes in aortic collagen expression and elastin integrity represent the intrinsic effect of SOD2 deficiency, we examined collagen I and elastin expression in SMCs. Real-time reverse transcription-polymerase chain reaction analysis showed a significant increase in collagen I mRNA levels in aged SOD2 ϩ/Ϫ compared with aged wild-type aortic SMCs (1.7Ϯ0.1-fold increase; PϽ0.01). In contrast, elastin mRNA levels were significantly lower in aged SOD2 ϩ/Ϫ SMCs (2.5Ϯ0.1-fold decrease versus aged wild-type; PϽ0.001). Increase in collagen I mRNA levels was followed by a significant increase in collagen I protein levels in aged SOD2 ϩ/Ϫ SMCs (2.2-fold increase versus aged wild-type; PϽ0.01; Figure 2B ). Similarly, elastin protein levels were decreased nearly 7-fold in aged SOD2 ϩ/Ϫ SMCs compared with aged wild-type SMCs (PϽ0.05; Figure 2B ). Taken together, these data suggest that prolonged exposure to mitochondrial oxidative stress during aging induces structural changes in the arterial wall by regulating collagen levels, as well as elastin synthesis and degradation.
MMP-2 Expression and Activity Are Increased in SOD2 ؉/؊ Aortic SMCs
MMP-2 is a critical regulator of extracellular matrix degradation and age-associated vascular remodeling 33 and has been implicated in arterial stiffening. 34 A 3.2Ϯ0.8-fold increase in MMP-2 mRNA expression was observed in aged SOD2 ϩ/Ϫ compared with aged wild-type SMCs (PϽ0.001) as determined by real-time reverse transcription-polymerase chain reaction. MMP-2 activity was significantly increased (PϽ0.01) in both young and aged SOD2 ϩ/Ϫ compared with wild-type SMCs ( Figure 2C ). These data suggest that mitochondrial oxidative stress activates signaling pathways involved in MMP-2 expression and activity.
Prolonged SOD2 Deficiency Renders Aortic SMCs Susceptible to Apoptosis and Impairs Antiapoptotic Akt Pathway
A decrease in arterial medial SMC number and vascular remodeling with aging has been attributed to increased apoptosis, 35 and we and others have shown that increased mitochondrial oxidative stress is an important regulator of SMC apoptosis. 36, 37 As shown in Figure 3A , immunofluorescence staining for the cleaved form of caspase-3, a member of the caspase superfamily that initiates apoptotic events, is increased in medial SMCs of aged SOD2 ϩ/Ϫ mice. Cleaved caspase-3 was barely detectable in young SOD2 ϩ/Ϫ mice (data not shown) and not observed in the aortic walls of either 
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To determine whether the increased apoptosis of medial SMCs in aged SOD2 ϩ/Ϫ reflects the intrinsic effect of SOD2 deficiency, we examined cleaved caspase-3 levels in aortic SMCs of young and aged wild-type and SOD2 ϩ/Ϫ mice exposed to staurosporine, a well-known inducer of apoptosis in a wide spectrum of cells, by Western analysis. Although not observed in untreated cells, cleaved caspase-3 levels were significantly increased in aged SOD2 ϩ/Ϫ compared with aged wild-type SMCs following staurosporine treatment ( Figure  3B ). Cleaved caspase-3 was not detected in young wild-type and barely detectable in young SOD2 ϩ/Ϫ SMCs treated with staurosporine. Activated caspase-3 proteolytically cleaves and inactivates many proteins, including the nuclear enzyme poly(ADP-ribose) polymerase (PARP), involved in cell viability, and cleaved PARP is a more specific marker of apoptosis. A significant increase in cleaved PARP levels in response to staurosporine treatment was observed in SOD2 ϩ/Ϫ compared with wild-type SMCs ( Figure 3B ). Consistent with this, aged SOD2 ϩ/Ϫ SMCs treated with staurosporine had significantly higher number of terminal deoxynucleotidyl transferase dUTP nick-end labeling-positive cells compared with aged wild-type ( Figure 3C ).
To determine whether prolonged exposure to mitochondrial oxidative stress also impairs other cell survival pathways, we investigated the activation of protein kinase B/Akt, which preserves mitochondrial integrity and protects against apoptosis, 38 in aged wild-type and SOD2 ϩ/Ϫ SMCs treated with and without insulin-like growth factor-1 (IGF-1). Akt phosphorylation increased significantly at 3 hours (3.7-fold, PϽ0.001) and remained elevated at 6 hours after IGF-1 treatment in aged wild-type SMCs ( Figure 4A ). The increase in Akt phosphorylation in aged SOD2 ϩ/Ϫ compared with untreated cells was much less robust at both 3 and 6 hours (2-fold increase) and significantly less than in aged wild-type (PϽ0.01 versus aged wild-type at 3 hours). Forkhead box O (FoxO) transcription factors are important downstream targets of Akt, and FoxO3a has been implicated in SMC apoptosis. 39 IGF-1 significantly increased FoxO3a phosphorylation at both 3 hours (3.7-fold increase) and 6 hours (4.1-fold increase) after treatment in aged wild-type SMCs ( Figure  4B) . In contrast, the increase in FoxO3a phosphorylation following IGF-1 treatment was significantly less in aged SOD2 ϩ/Ϫ SMCs (PϽ0.001 versus aged wild-type at both 3 and 6 hours). Attenuation of FoxO3a phosphorylation in aged SOD2 ϩ/Ϫ SMCs was also observed in cells treated with angiotensin II, thrombin, and platelet-derived growth factor, indicating the intrinsic effect of SOD2 deficiency on SMC apoptosis (data not shown). Less robust stimulation of Akt in aged SOD2 ϩ/Ϫ SMCs was not associated with a decreased proliferative response to IGF-1 (data not shown), indicating that SMCs of various phenotypes can coexist in the arterial wall during remodeling. Together, these data suggest that prolonged exposure to increased mitochondrial oxidative stress during aging affects cell viability by impairing survival and activating apoptotic signaling pathways.
Stress-Activated Protein Kinase 1/c-Jun N-terminal Kinase 1 Activity and ␣-Smooth Muscle Actin Levels Are Increased in Aged SOD2 ؉/؊ Aortic SMCs
An inhibition of Akt and increase in caspase activity result in c-Jun N-terminal kinase 1 (JNK1) activity, 40 which induces the mitochondrial death pathway leading to apoptosis. 41 It is known that circulating tumor necrosis factor-␣ (TNF-␣) levels are increased with aging in both animals and humans. 42 Therefore, we investigated TNF-␣-induced activation of JNK1 in young and aged wild-type and SOD2 ϩ/Ϫ SMCs. As shown in Figure 4C , JNK1 phosphorylation was significantly increased in young SOD2 ϩ/Ϫ compared with young wild-type SMCs after 3 hours of TNF-␣ treatment (PϽ0.01). In aged wild-type SMCs, JNK1 phosphorylation was increased significantly at 3 hours after TNF-␣ treatment (PϽ0.05). In contrast to young SOD2 ϩ/Ϫ and aged wild-type SMCs, aged SOD2 ϩ/Ϫ SMCs had sustained JNK1 activation throughout the TNF-␣ treatment (PϽ0.001). TNF-␣-induced JNK1 phosphorylation was also significantly higher in aged SOD2 ϩ/Ϫ compared with young SOD2 ϩ/Ϫ (PϽ0.05) and aged wild-type (PϽ0.01) SMCs 3 hours after the treatment.
Increased smooth muscle ␣-actin levels and intrinsic SMC stiffness are a mechanism for increased aortic stiffening with aging. 43 Consistent with the data shown in Figure 3A , ␣-actin levels were increased 2.8-fold with aging in wild-type and 3.5-fold in young SOD2 ϩ/Ϫ compared with young wild-type SMCs ( Figure 4D ). However, aged SOD2 ϩ/Ϫ had significantly higher ␣-actin levels compared with young SOD2 ϩ/Ϫ (5.4-fold versus 3.5-fold) and aged wild-type SMCs (5.4-fold versus 2.8-fold). Collectively, these data indicate concurrent activation of apoptotic signaling pathways and alterations in arterial wall structure and SMC cytoskeleton.
Basal Mitochondrial Superoxide Levels Are Increased and Basal and IGF-1-Induced H 2 O 2 Levels Are Decreased With Aging in SOD2 ؉/؊ Aortic SMCs
Recent evidence indicates that H 2 O 2 activates the phosphatidylinositol-3-kinase/Akt pathway and promotes cell survival. 44 To determine whether impaired cell survival pathways in aged SOD2 ϩ/Ϫ SMCs are mediated by changes in ROS levels, we measured superoxide and H 2 O 2 levels in young and aged wild-type and SOD2 ϩ/Ϫ cells. First, we investigated colocalization of MitoTracker Green FM, a mitochondria-selective dye, with MitoSOX Red, a superoxide-sensitive fluorescent dye using confocal microscopy ( Figure 5A ). Compared with young wild-type, young SOD2 ϩ/Ϫ SMCs showed bright yellow fluorescence in mitochondria because of colocalization of MitoTracker Green and MitoSOX Red, indicating increased mitochondrial superoxide production. Similarly, aged SOD2 ϩ/Ϫ had more mitochondrial superoxide levels, as shown by yellow/orange fluorescence in mitochondria compared with that in aged wild-type and young SOD2 ϩ/Ϫ SMCs.
To determine the effect of prolonged SOD2 deficiency on H 2 O 2 levels, we measured basal and IGF-1-induced H 2 O 2 levels in aged wild-type and SOD2 ϩ/Ϫ SMCs by Amplex Red assay ( Figure 5B ). H 2 O 2 levels were significantly lower (31% decrease, PϽ0.001) in aged SOD2 ϩ/Ϫ SMCs compared with aged wild-type SMCs. IGF-1 treatment significantly increased H 2 O 2 levels in wild-type cells (30% increase, PϽ0.001) but had no such effect in SOD2 ϩ/Ϫ SMCs. These results indicate that decreased H 2 O 2 levels, caused by SOD2 deficiency, impair Akt activity and aortic SMC survival in aged mice via enhanced FoxO3a activation.
Downregulation of FoxO3a Activity Decreases Staurosporine-Induced Apoptosis in Aged Aortic SMCs
Because staurosporine, which inhibits Akt 45 and activates FoxO3a, 46 increased cleaved caspase-3 and PARP levels, we investigated whether alteration in Akt/FoxO3a signaling pathway contributes to increased apoptosis in aged SOD2 ϩ/Ϫ SMCs. Adenoviral overexpression of DN-FoxO3a significantly decreased (58%, PϽ0.001) cleaved PARP levels in aged SOD2 ϩ/Ϫ compared with cells transfected with control virus (Figure 6 ). Collectively, our data suggest that prolonged exposure to increased mitochondrial oxidative stress during aging in SOD2 ϩ/Ϫ SMCs increases apoptosis by modulating Akt/FoxO3a signaling pathway.
Discussion
In this study, we provide evidence that (1) SOD2 deficiency over a lifetime is sufficient to induce aortic stiffening, decrease aortic compliance, and cause cardiac dysfunction;
(2) aortic stiffening with aging in SOD2 ϩ/Ϫ mice is associ-ated with structural changes in the aortic wall, with increased collagen content and ruptures in elastin laminae; (3) SOD2 deficiency increases collagen I expression, decreases elastin expression, and increases MMP-2 expression and activity in aged SMCs; (4) SOD2 deficiency over a lifetime increases medial SMC apoptosis in aged mice and sensitizes SMCs to staurosporine-induced increase in cleaved caspase-3 and cleaved PARP levels; (5) prolonged SOD2 deficiency in SMCs activates JNK1 in response to TNF-␣ treatment; (6) prolonged SOD2 deficiency impairs cell survival as observed by decreased Akt and increased FoxO3a activation in response to IGF-1 treatment; and (7) increased ␣-actin levels in SOD2 ϩ/Ϫ SMCs are integral to increased aortic stiffness with aging. It was previously established that SOD2 ϩ/Ϫ mice have an Ϸ50% reduction in SOD2 activity in all tissues compared with the wild-type mice, and the decrease in enzyme activity does not cause any compensatory upregulation of other major components of mitochondrial antioxidant defense system. 18 Although impairment of cardiac function was reported in 6-month-old TRE/SOD2 ϩ/Ϫ mice, 47 our finding is the first to implicate increased mitochondrial oxidative stress over a lifetime as the source of aortic stiffening and cardiac dysfunction in SOD2 ϩ/Ϫ mice. Specifically, we provide evidence of how molecular signaling pathways initiated by increased mitochondrial oxidative stress in aortic SMCs contribute to aortic stiffening.
Aortic stiffness is a complex phenomenon that arises from structural alterations in the aortic wall, impaired endothelial function, increased smooth muscle tone, phenotypic modulation of adventitial fibroblasts to myofibroblasts, and chronic low-grade inflammation. 2 The scaffolding proteins collagen and elastin provide the structural integrity of the aortic wall, and our results show that increased mitochondrial oxidative stress over a lifetime increases the collagen content and ruptures and decreases the elastin in the aorta. The changes in aortic collagen and elastin levels were accompanied by increased expression and activity of MMP-2 in aged SOD2 ϩ/Ϫ aortic SMCs. Similar to this, Dasgupta et al 48 and others 33 reported both age-and redox-regulated increase in MMP expression and activity. Although the increase in MMP-2 expression and activity should decrease collagen levels at first glance, increased collagen I levels are observed in SMCs under oxidative stress conditions. 49 In fact, an increase in interstitial and perivascular collagen is observed in cardiac MMP-2 transgenic mice. 50 Nevertheless, activation of MMP-2 is strongly correlated with elastic fiber fragmentation, disorganization, and increased stiffness of the arterial vasculature. 34 Endothelial dysfunction and inflammation may contribute to increased aortic stiffening in aged SOD2 ϩ/Ϫ , as endothelial dysfunction is increased in apolipoprotein E Ϫ/Ϫ mice that are deficient in SOD2, 21 and proinflammatory cytokine production is upregulated with increased mitochondrial ROS levels. 51 Our results showing increased aortic stiffness in aged SOD2 ϩ/Ϫ mice accompanied by ventricular dysfunction are supported by several cross-sectional studies that reported a positive association between age-related aortic stiffness and ventricular dysfunction. 52 Aortic stiffening increases left ventricular afterload by inducing earlier return of reflected waves in the late systole and causes left ventricle hypertrophy and ventricular dysfunction. Interestingly, the impairment of aortic relaxation and increased diastolic blood pressure in SOD2 ϩ/Ϫ mice precede increased PWV and Doppler abnormalities in heart function. Furthermore, mitochondrial oxidative stress-induced coupling of vascular-ventricular dysfunction is supported by the observation of impaired heart function with lifelong reduction of SOD2. 47 Increased apoptosis of SMCs in the aortic media and increased sensitivity to staurosporine-induced apoptosis in aged SOD2 ϩ/Ϫ mouse SMCs observed in the present investigation are consistent with the concept that medial SMC apoptosis is an important contributor to age-associated vascular remodeling and loss of aortic elasticity. 35 The propensity of aged SOD2 ϩ/Ϫ aortic SMCs to apoptosis is underlined by impaired activation of Akt and increased activation of FoxO3a in response to IGF-1 treatment. Akt is a negative regulator of FoxO3a transcription factor, which in the absence of Akt-mediated phosphorylation induces the expression of genes involved in apoptosis. 53 Interestingly, an increase in MMP-2 and MMP-9 activities was observed in vascular cells following FoxO3a activation. 54 Because these MMPs do not contain a consensus binding site for forkhead factors, activated FoxO3a may regulate MMP-2 activity indirectly, including via activation of MMP-3.
Activated MMP-2 induces apoptosis by stimulating JNK activity, as well as cytochrome c release. 41 Inhibition of Akt signaling has been shown to induce JNK activity and promote the cleavage of caspase-3 in SMCs. 40 JNK activation, in turn, initiates mitochondrial apoptotic pathway via Bax-dependent release of cytochrome c. 55 Alternatively, aged SOD2 ϩ/Ϫ aortic SMCs could undergo apoptosis in the absence of Akt-mediated phosphorylation of apoptosis regulatory proteins Bad and Bax, which suggests that Akt-JNK cross-talk is an important determinant of aged SMC apoptosis. 40 Our observation that DN-FoxO3a overexpression attenuates cleaved PARP levels is consistent with the regulatory role of Akt/FoxO3a signaling in aged SOD2 ϩ/Ϫ aortic SMC apoptosis.
Calcium channel blockers and angiotensin II receptor antagonists are used to treat large artery stiffening. 43 These drugs affect vascular SMC tone, which suggests that ageassociated vascular stiffening is partly regulated by intrinsic mechanical properties of these cells. Our data showing significantly increased ␣-actin levels in aged SOD2 ϩ/Ϫ compared with aged wild-type SMCs are in agreement with the report of Qiu et al 43 that smooth muscle ␣-actin is a key determinant of vascular SMC stiffness during aging. Increases in ␣-actin levels and MMP-2 activity were observed in young SOD2 ϩ/Ϫ compared with young wild-type SMCs, and yet the aortic stiffening and cardiac dysfunction are evident only in aged SOD2 ϩ/Ϫ mice, which suggests a threshold for mitochondrial oxidative stress to affect structural and biochemical changes in the SMC and aorta and to cause a phenotypic effect. Our observation that H 2 O 2 levels are decreased in SOD2 ϩ/Ϫ SMCs is consistent with similar findings in SOD2-deficient and knockout mice. 56, 57 Exogenous H 2 O 2 stimulates Akt phosphorylation in many cell types, including vascular SMCs. 44, 58 Therefore, it is conceivable that low H 2 O 2 levels in aged SOD2 ϩ/Ϫ SMCs impair cell survival and promote apoptosis by downregulating Akt signaling and activating FoxO3a.
In summary, our data provide insight into the molecular mechanisms by which increased mitochondrial oxidative stress promotes aortic stiffening associated with aging. Altered ROS metabolism in the mitochondria over a lifetime not only enhances collagen secretion and intrinsic stiffness of aortic medial SMCs but also affects redox signaling to induce SMC apoptosis, all of which contribute to aortic stiffening. It would be worth determining whether strategies aimed at regulating mitochondrial oxidative stress have a therapeutic effect against aortic stiffening and its pathophysiological sequelae. 
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